This paper offers a methodology to assess the internal productive efficiency of National Regulatory Authorities (NRAs) based on the performances of regulated markets, measured in terms of the degree of market efficiency (either static or dynamic). The estimation procedure is based on a Data Envelopment Analysis (DEA), along with a smoothed bootstrap method and it is applied to telecommunications sector across 18 European countries, 5 of which are new accession countries, in 2005. After the discussion of several desirable outcomes for a telecom regulator, we construct an ad hoc database containing information about NRAs regulatory inputs and outputs. We run three bootstrapped DEAs in order to rank NRAs according to their efficiency in carrying out their regulatory activities. We find the NRAs in 2004 accession countries are more efficient in pursuing dynamic efficiency goals than the more experienced NRAs, while they perform generally worse when the regulatory outcomes are measured in terms of retail efficiency.
Introduction
During the second half of 20 th century, public utilites across industrialised countries have been characterised by a shift from public to private regulated management. Influential authors have pointed out that rather than less regulation, this liberalisation process has been requiring a different approach to regulation (Vogel, 1996; Newbery, 2000) . This new way to intend the role of regulation opens many interesting issues; one of these issues is related to the evaluation of regulators' efficiency.
Despite sector specific regulatory authorities often operate within an extremely harmonized environment, as for example in the European Union, still they generate very different impacts on regulated markets: in many cases, the same form of regulation, characterized by the same regulatory instruments and objectives, does not have the same effects on market outcomes. These differences may have many explanations; the one we concentrate on in this paper points to the possible differences in the internal efficiency of national regulators.
In fact, regulation of public utilities can be both effective and efficient; effective in the sense of achieving its planned goals and objectives, and efficient in terms of achieving these goals at the least cost. The literature that deals with regulation of public utilities grew rapidly during the last twenty years; the vast majority of the contributions has been focusing essentially on the evaluation of regulatory effectiveness, either theoretically or empirically.
Influential authors have been studying the role of informational constraints on regulatory activities (Baron and Myerson, 1982; Laffont and Tirole, 1986) , while other authors have been focusing on comparisons between different regulatory regimes (Beesley and Littlechild, 1989; Resende, 2000) . Quite surprisingly, the issues of how to evaluate regulators' productive efficiency and which are its determinants have been almost completely neglected in the literature. With this paper we start to fill this gap; our aim is in fact to provide a new and simple approach to the empirical evaluation of the internal efficiency of National Regulatory Authorities (NRAs hereafter) based on regulated market outcomes.
The provision of a methodology to assess NRAs internal efficiency is not only per se an interesting goal, but it is also useful to get a better understanding of the efficacy of different regulatory measures. In fact, once a measure of the productive (internal) efficiency of a regulatory body has been obtained, is then possible to embed this information in a more general analysis aimed at disentangling the efficacy of the regulatory measure from the ability (efficiency) of the NRA in putting it into force.
In order to illustrate our approach, we apply the proposed methodology to the telecommunications sector.We have decided to focus on this industrial sector due to a series of reasons; primarily because the telecom industry has the longer history of regulation among the various regulated sectors. Furthermore, telecommunications probably represent the most interesting sector where to conduct our research in view of its strong dynamics and complexities. In the ever changing environment that characterizes the telecom industry, the practice of regulation may be particularly complex: perhaps more then in other regulated sectors, in telecommunications regulators must find a balance between often diverging interests and need to keep pace with a highly dynamic environment. We have decided to restrict the analysis to European NRAs since they are subject to the common European Regulatory
Framework stated by the European Commission.
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To the best of our knowledge, the only paper that deals with the NRAs productive efficiency is Afonso and Scaglioni (2006) . In this paper, we measure NRAs efficiency using Data Envelopment Analysis (DEA), a well known nonparametric estimation method of the production frontier. A bootstrap procedure is applied both to carry out proper inferential conclusions reducing the efficiency estimators bias and to evaluate their sample variability.
The paper is organized as follows. In the next section we describe our methodological strategy and present the data used for study. In Section 3 we present and discuss the results of the analysis. In the last section we provide some final remarks.
Methodological strategy
The central point of our empirical strategy is the estimation of the production frontier of the regulatory authorities; this can be done either through a parametric estimation of a stochastic production frontier or through a more general non parametric technique. The latter methodology is often preferred; reasons include: i) small sample size making parametric inference assumption unreliable, and ii) absence of an a-priori theoretical knowledge of the functional form of the production frontier.
Since both the above arguments apply to our problem, we have opted for a non parametric estimation; more specifically, in this paper we will estimate the non-parametric stochastic Before proceeding with estimation, we first need to define the production process of a NRA, namely to identify correctly the inputs and the outputs of the production process;
by using the jargon from the efficiency analysis, we treat each NRA as a "Decision Making
Unit" that employs a certain set of inputs to produce other outputs.
The next subsection is devoted to the identification of the inputs and outputs of a representative NRA; this is not an immediate task and it requires a brief discussion. Once the inputs and the outputs have been defined, we are able to proceed with estimation.
NRAs as decision making units
A NRA can be thought of as an organization using resources to regulate the market; broadly speaking, a regulator should promote market efficiency, both in static and dynamic terms, through the regulation of retail/wholesale prices, and in a way to guarantee enough incentives for firms to invest and to stay actively in the business.
We treat each NRA as a decision making unit (DMU hereafter); the underlying assumption of our empircal exercise is that each DMU acts in order to minimize the amount of resources (inputs) employed to obtain the highest possible level of regulatory outcomes (outputs). We are aware of the fact that often public instituitions may have other objectives; nonetheless, we believe that this is a reasonable assumption in the case of NRAs which statutorily pursue market efficiency given the resources they are endowed with.
In order to proceed with the efficiency analysis of an authority production process, we need to identify clearly the inputs that a NRA employs to perform its activity and how to measure its regulatory outputs. To this end, a more precise description of what we mean by NRA "production process" may be helpful.
As already mentioned, we interpret a regulator as an organization exerting a certain amount of effort to regulate the market and to improve its efficiency; the relationship between market efficiency (Y i ) and the regulatory effort (e i ) exerted by the i th NRA can be described by a standard production function, formally by
Market efficiency is the output of a NRA activity and it can be measured either in static or dynamic terms by means of appropriate variables that we will discuss in sections 2.3 and 2.4. The exact amount of regulatory effort e i is, to a large extent, not observable and it must be proxied by the amount of inputs employed; in our analysis we approximate the regulatory effort with two inputs: i) the staff employed in the NRA (L i ) and ii) the amount of financial resources spent by the same authority (B i ). Clearly, it is reasonable to assume a positive relationship between the amount of inputs employed by the NRA and the amount of regulatory effort; formally, we
, with e L ≥ 0, e B ≥ 0 and e(0, 0) = 0.
Therefore, the impact of a change in the use of the two inputs on the degree of market efficiency can be derived by differentiating the NRA production function with respect to L and to B:
This expression highlights two kinds of efficiencies; the term (e L dL i + e B dB i ) represents the authority internal efficiency, that is how much a larger use of inputs translates into more regulatory effort.
Conversely, the term ∂f i
∂e i measures a sort of external efficiency, i.e. to what extent a larger effort effectively translates into higher market efficiency. We call this term "external" since it measures something that is actually out of the control of the NRA. For example, take the degree of up-take of new technologies as a measure of dynamic efficiency. The country i could show a low level of technology up-take either because the authority is really putting little regulatory effort, or, for example, because the attitude of the population towards the adoption of new technologies is so low that the regulatory effort is completely overwhelmed.
A NRA can appear to be inefficient either because it is unable to translate higher inputs into higher effort, or because the environmental conditions in which it operates make it more difficult to translate its regulatory effort into market efficiency.
The external efficiency is hard to estimate. In our analysis we implicitly assume that the external contribution, for a given level of effort e, is the same across NRAs, that is
The legitimacy of such an assumption depends to a large extent on the measures of market efficiency used in estimation. In order to make the assumption less problematic, whenever possible we use measures of efficiency that are neutral with respect to the possible influence of external factors. As it will be clear, the measures that we use to account for static efficiency (i.e. retail prices) are often more directly under the control of the regulator, therefore external/environmental factors should not play a too important role. Things can be rather different with respect to the measures of dynamic efficiency; as explained in the example of the up-take, the diffusion of new technologies across the population can be deeply affected by external factors such as education and demographic structure. In this case, our results must be taken more cautiously.
With respect to the technical characteristics of the NRAs production process, we take the less restrictive approach by allowing for Variable Return to Scale (VRS) technology.
DEA bootstrap
In order to estimate the relative efficiency of each authority, we use the well known Data Envelopment Analysis technique; DEA is a linear programming approach able to accommodate multiple outputs and inputs. It is convenient to complement DEA with a bootstrap procedure in order to correct for bias in estimation and to evaluate estimates precision.
Let x ∈ IR p + and y ∈ IR q + denote the vectors of inputs and outputs that characterize the production process of a generic NRA. Interest is addressed to admissible pairs (x, y) belonging to the production set Ψ = {(x, y) such that f (x) ≤ y}, where f (x) represents the DMU's production function. Equivalently, Ψ can be described in terms of the input requirement set X (y) = {x such that (x, y) ∈ Ψ}.
Following an input oriented approach, perfect production efficiency is described by the boundary of X (y) denoted by ∂X (y) = {x s.t. (x, y) ∈ Ψ and (δx, y) ∈ Ψ, for each δ < 1}.
Since Farrell (1957) , technical efficiency is measured through the distance of data pair (x, y)
The unknown statistics θ(x, y) assume values in the interval (0, 1) for any point (x, y) ∈ IR p+q + , with value one corresponding to perfect efficiency. In situations with little a priori knowledge of the data generation mechanism, the method of DEA provides convenient nonparametric estimation of the unknown θ(x, y) based on n observed pairs (
. . , y n ) and X = (x 1 , . . . , x n ) denote the n × p and n × q matrices of observed outputs and inputs, respectively, then, the DEA estimator is:
where a = (a 1 , . . . , a n ) is an unknown vector of intensities.
As for any other empirical estimator,θ(x, y) is subject to sample variability. Thus, point estimatesθ(x, y) must be complemented by suitable measures of uncertainty. Unfortunately, except for simpler cases, it is not possible to derive the distribution of DEA estimators, see Kneip et al. (2008) . However, quantification of estimation bias and precision is possible via bootstrap as proposed by Simar and Wilson (1998) and further discussed in Simar and Wilson (2000a,b 
Through this bootstrap procedure, it is possible to reduce the bias of the estimated efficiency scores, to estimate their standard errors and to compute confidence intervals.
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Asymptotic properties of the proposed bias-corrected bootstrap estimators are examined in detail by Kneip et al. (2008) .
Inputs and outputs
Although our analysis covers a wide set of European countries (all the biggest European countries plus five of the most relevant 2004 accession countries), the sample size is relatively small, making the results of a multiple inputs and outputs analysis less statistically appropriate (Kneip et al., 2008) . For this reason and since the DEA is a technique particularly aimed at analysing multiple output production processes, we have chosen to run 1 input/2 outputs DEAs, using as input an aggregation of the two input measures (number of staff units and reported budgeted cost) based on a Principal Component Analysis (PCA), conducted after having normalized the NRAs total budgeted cost by using the Purchasing Power Parities (PPP). We use only the first principal component which is an extremely good synthetic measure of the two original inputs as it accounts for more than 70% of the whole variability of the data-set. Table A1 in the appendix shows the inputs values of the various NRAs and the associated PCA. Since DEA needs positive input measures, we have translated all the loadings of the PCA in order to make them positive.
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The definition of the outputs is by far more articulated. The activity of a NRA is aimed at promoting market efficiency. Efficiency can take different forms; in our paper we focus on static and dynamic efficiency. The former occurs when production costs are minimized (production efficiency) and/or when the price that consumers are charged for a good or 4 For details on how to compute confidence intervals that incorporate bias correction for each subject efficiency with the modified percentile method, see Efron and Tibshirani (1993) . 5 The idea behind the PCA is to map set of possibly correlated variable into a smaller set of uncorrelated variables called principal components. The aim of this technique is to build up a small number of variables able to account for as much of the variability in the data as possible. For further details see Mardia et al. (1979) .
service equals the marginal cost of the resources used in production (allocative efficiency); the latter relates to demand creation and innovation.
Usually, industry regulators face a trade-off as they attempt to maximize static social welfare through price regulation, while providing firms with sufficient incentives to innovate at the same time.
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It is often difficult to disentangle between regulatory interventions aimed at improving static efficiency from those that instead are intended to stimulate investments and this is particulary true in telecommunications, probably the most dynamic industry among those subject to sector specific regulation. Here, the tension between static and dynamic efficiency is so crucial that the issue is explicitly mentioned in the new European regulatory framework for electronic communications services where it is clearly stated that the scope of regulation is to promote competition in the provision of electronic communications networks, electronic communications services and associated facilities and to encourage efficient investment in infrastructures and to promote innovation (Framework Directive, Article 8.2.).
An obvious indicator for static efficiency is given by the level of retail prices charged by the incumbent. However, it could be the case that a NRA may opt to regulate less tightly retail charges in the hope of fostering infrastructure investments by the incumbent, thus confirming the negative relationship between static and dynamic efficiency.
Market efficiency can be also pursued by enhancing competition; a more competitive market at the retail level induces lower retail prices and it may also have an impact on the degree of innovation undertaken both by incumbents and by entrant operators. In telecommunications, NRAs may heavily affect the dynamics of entry through the control that they exert on wholesale (interconnection) charges; wholesale regulation may have an impact both retail charges, but also on operators' profits and consequently, in a more dynamic perspective, on their incentives to invest in innovative activities (Bourreau and Dogan, 2001) .
It is worth noting that in order to reconcile static with dynamic efficiency, European countries 6 A comprehensive overview of the main issues in the economics of regulation is in Laffont and Tirole (1993) . For specific aspects regarding the telecommunications sector, see Laffont and Tirole (2000) have implemented a set of common regulations based on the key regulatory instrument of local loop unbundling (LLU). LLU is the regulatory process in which incumbent operators lease, wholly or in part, at a regulated price the local segment of their telecommunications network, usually pairs of copper wire, to competitors in order to allow also less infrastructured operators to provide voice and broadband services.
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From this brief discussion it clearly emerges the difficulty to find synthetic measures of the degree of market efficiency in telecommunications, an industrial sector characterized by extremely complex interactions. We have then decided to measure static and dynamic efficiency according to the following indicators:
1. static efficiency, measured in terms of i) price levels and ii) degree of competition, both at the retail level;
2. dynamic efficiency, measured in terms of up-take of broadband technologies and in terms of amount of operators' investments.
Data
We construct an ad-hoc database drawing data and information from several sources. When With reference to production inputs, staff and reported budgeted cost have been obtained from NRAs annual reports. This information has been treated in order to determine the actual amount of inputs employed to regulate the telecommunications sector; in fact, in many European countries the regulatory authority has various responsibilities, ranging from regulation of telecommunications, to spectrum allocation (as in the majority of the cases). In few cases, the authority exerts its control also on other markets different from telecommunications or it is in charge of a bundle of different activities that go beyond telecommunications regulation. 9 For each NRA, we have taken into account of its specific tasks and organizational structure, and we have then appropriately adjusted the observed number of employers in order to obtain a reliable measure about the staff actually in charge of telecoms regulation. 10 This has also allowed us to derive an adjusted measure of the reported budgeted cost imputable to telecoms regulation.
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The definition of the outputs of a NRA is more articulated. As we have discussed above, the activity of a telecom NRA is aimed at promoting static and dynamic efficiency; therefore the "amount" of efficiency can be seen as the output of a NRA. We have selected a set of variables that we believe are the best indicators of market efficiency; in particular, at the retail level we use the following indicators:
-local calls tariffs, summarized by the average incumbent's price per-minute of a local call, measured as an average between the price of a 3 and of a 10 minutes local call (F P RICE);
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-competition in fixed voice telephony, measured as the market share of the alternative operators in the provision of voice access services through different technologies 9 For example, BNetzA, the German Federal Network Agency, regulates non only telecommunications, but it also exerts its control on various network industries such as Electricity, Gas, Post, Railway; in the UK, Ofcom, is the regulator of the communications industries -television, radio, telecommunications and wireless communications services -and it has also the role of competition authority in these sectors. 10 Where necessary, these information have been complemented with additional details gathered through personal surveys. 11 Adjusted budgeted cost has been estimated multiplying the per-employee total budget by the number of employees in charge of telecoms regulation. (COMP V ).
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We focus on fixed telephony because it is certainly the segment that it is more under the scrutiny of regulators.
We in the current year but we may end up considering its market (and its NRA as well) less efficient than the previous one simply because, in absolute terms, the amount of broadband penetration is still low. Our variable BBUPTAKE partially avoids these problems of possible inaccurate evaluation.
Note that broadband penetration represents a measure of dynamic efficiency since, in order to provide broadband access to customers, telecom operators need to invest in infrastructures; although, the type and the amount of investments required to provide broadband services heavily depends on the type of access platform used, i.e. DSL versus cable
access, yet the amount of broadband access lines sold to final customers is a good proxy for the amount of investment undertaken by the operators. Table A2 in the appendix provides the full dataset used in the elaborations.
Before proceeding, it is useful to stress an important difference between our measures of static and dynamic efficiency; in fact, while the indicators, that we use to account for static efficiency are both under a more direct control of telecom regulators, this cannot be said with respect to the measures of dynamic efficiency. Take, for instance, the incumbent's price for local calls: this tariff is almost everywhere set by the regulator through a price cap or a cost plus regulatory scheme. Similarly, the degree of competition in the fixed telephony is heavily affected by the terms of wholesale access to the incumbent's local network, which according to the European regulatory framework are under the direct scrutiny of NRAs. From this observation, it follows that the more experienced authorities, for example those that have acquired more experience in the practice of regulatory accounting and in determination of the cost of services, should regulate both retail and wholesale prices more effectively.
On the other hand, the amount of investment undertaken by telecom operators and the degree of broadband access technologies, namely the two measures for dynamic efficiency, are only partially under the control of the regulatory authorities; in these cases, the best a NRA can do is to promote the more favorable conditions to stimulate investments.
Results and discussion
We are now ready to present and discuss the results of our efficiency analysis. Tables 1, 2 and   3 show the efficiency scores obtained by each NRA in each of the three DEAs that we have carried out; as discussed above, all our analyses use as input the first principal component derived from a PCA of units of staff and budget given in Table A1 . With a slight abuse of jargon, we can refer to Table 1 as the results of a "static oriented"
DEA, where we have used as outputs the level of retail voice tariffs and the degree of competition in the voice telephony, while Table 2 shows the outcome of a "dynamic oriented"
DEA that employs the level of investments and the up-take of broadband access as measures of output. In both cases, for countries listed in the first column, the tables display DEA point estimates (uncorrected DEA), bootstrap bias corrected estimates and 95% confidence interval. New accession countries are displayed in italics. NRAs are ranked according to their bias-corrected efficiency score.
Unfortunately, the point estimates' confidence intervals are generally wide; in particular, they often overlap thus making it often not possible to disentangle NRAs according to their efficiency score. As we have already discussed in the paper, this is due to small sample size.
Nevertheless, despite this limitation, we can still draw some interesting conclusions from the two DEAs.
Consider Table 1 about NRAs ability to obtain static efficiency; by looking at the confidence intervals, it clearly emerges that the authorities in Germany, Denmark, Italy and This regularity may be interpreted in light of what we have already discussed when introducing our output measures: the two indicators that we use to measure static efficiency, the price of a minute local call and the degree of competition at the retail level, are both under a more direct control of the telecom regulator and, for this reason, it is not surprising that the less efficient NRAs are those that have less experience in the regulatory activity. In order to set the price of the local segment or the wholesale tariffs charged to competitors, an authority usually needs to determine the exact cost of the service through the practice of cost accounting; in the ever changing environment of the telecom industry, characterized by the launch of new technologies and by an always evolving competitive scenario, this practice is extremely complex and demanding. In this sense, the more experienced authorities are those that have learned how to proceed into the practice of cost accounting and how to regulate accurately the various telephony services that are under their scrutiny. Opposite arguments hold for dynamic efficiency measures; from Table 2 , it emerges that in this case the accession countries lie in the top half of the ranking list, with Poland at the very top and To interpret this result we can use an argument that is in some sense specular to the previous one: the measures that we use to account for dynamic efficiency, the amount of investment in telecommunications infrastructures and the degree of diffusion of broadband technologies, are less under the control of the NRA; in this sense, the experience that each authority has accumulated through the years, is less relevant to achieve dynamic efficiency than it is for static efficiency. On the other hand, the new accession countries are those for which, in relative terms, telecommunications are less developed; in this situation, is somehow "easier" for a NRA to stimulate investments and to improve upon the existing amount of infrastructures. This might help explaining the good performance of the NRAs of the new accession countries with respect their task of achieving dynamic efficiency. Finally, in order to make a synthesis of the above analyses, in Table 3 we provide the results of a third DEA based on a mix of outputs: one output, the average price of a oneminute local call, is representative of static efficiency, while the other one, the investments' intensity in fixed telephony, is representative of dynamic efficiency. The results are simply a combination of the previous two DEAs and are generally more difficult to interpret; as expected, new accession countries are now more dispersed across the ranking, with Poland and Czech Republic that still rank at the top and with Hungary and Slovenia in the second half. Within the experienced countries, Germany and Denmark appears to be the best performers.
Conclusions
Despite the growing body of theoretical and empirical literature that deals with regulation and its impact on regulated markets, the issues of how to evaluate regulators productive efficiency and which are its determinants have been almost completely neglected. With this paper we start to fill this gap by offering a new and simple approach to the empirical evaluation of the internal efficiency of National Regulatory Authorities based on regulated market outcomes.
The novelty of our approach is, in fact, to measure NRAs outputs in terms of the degree of market efficiency (either static or dynamic) that the local authority has been able to entice via its regulatory effort; the estimation procedure is based on a Data Envelopment Analysis, a well known programming approach useful to accommodate multiple outputs and inputs.
Being DEA techniques extremely sensitive to variable selection and errors, we than use bootstrapping procedures to obtain the estimation bias and to improve estimates precision.
We apply the proposed methodology to the telecommunication sector across 18 European countries, five of which are new accession countries, and we base our estimations on year 2005. After having discussed several desirable outcomes for a telecom regulator, we construct an ad hoc database containing information about NRAs regulatory inputs and outputs.
Outputs can be grouped according the their static (retail) or dynamic nature; we run several bootstrapped DEAs in order to rank NRAs according to their efficiency in carrying out their regulatory activities. We find that the NRAs in new accession countries are more efficient in pursuing dynamic efficiency goals than the more experienced NRAs, while the same NRAs perform generally worse when the regulatory outcomes are measured in terms of retail efficiency. This result points to the role played by lower experience in applying regulatory instruments that NRAs in new accession countries have accumulated.
This paper suggests other interesting patterns of future research; the first, and probably, the most obvious one is to apply our methodology also to other regulated public utilities.
More interestingly, and independently on the sector it is applied to, we believe that our methodology is also instrumental to get a better understanding of the efficacy of different regulatory measure; indeed once a measure of the productive (internal) efficiency of a regulatory body has been obtained, it will then be possible to embed this information in a more general analysis aimed at disentangling the effectiveness of the regulatory measure from the ability (efficiency) of the NRA in putting it into force. In this sense, our analysis can be seen as a first step towards a full assessment of the true cost of an effective regulation.
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